In 1941 Rustigian and Stuart reported a new medium for the detection of urease production by organisms of the genus Proteus. These investigators tested 151 Proteus cultures in the medium and all were positive. One urea-positive X strain, however, did produce a urea-negative variant, which after prolonged cultivation in urea medium regained its ability to produce urease. Using this medium Ferguson and Hook (1943) 
In 1941 Rustigian and Stuart reported a new medium for the detection of urease production by organisms of the genus Proteus. These investigators tested 151 Proteus cultures in the medium and all were positive. One urea-positive X strain, however, did produce a urea-negative variant, which after prolonged cultivation in urea medium regained its ability to produce urease. Using this medium Ferguson and Hook (1943) found that 29 cultures with the biochemical reactions of Proteus produced urease, whereas 75 Salmonella cultures did not. This urea medium, which contains the hydrogen ion indicator, phenol red, demonstrates production of urease by a decrease in the hydrogen ion concentration. Proteus vulgaris and Proteus mirabilis gave a positive reaction, pH 8.1 or more, in about 8 hours, whereas Proteus morganii required about 36 hours. Rustigian and Stuart (1943) found that, except for one strain, Proteus rettgeri attacked urea rapidly in about 12 hours.
To date in this laboratory over 600 Proteus cultures have been tested in the urea medium. In addition to the two exceptions noted above, one old stock culture, positive when first received, became urea-negative four years later, and two strains of P. rettgeri, which on first test produced only weak reactions, pH 7.2 to 7.4, in 48 hours after serial transfers in the medium were positive in 12 hours. An occasional freshly isolated strain of P. rettgeri may require as much as 18 to 24 hours to give a positive reaction. Rustigian and Stuart (1943) tested in their medium 689 cultures representing all genera in the family Enterobacteriaceae exclusive of Proteus. A number of coliform cultures, particularly Aerobacter strains, attacked urea slowly and weakly, pH 7.0 to 7.2 in five days. To date an additional 418 cultures representing all genera in the family Enterobacteriaceae except Erwinia and exclusive of Proteus have been tested. A number of coliform cultures attacked urea slowly and weakly, whereas several cultures (to be described later in this report) gave a strong reaction in 4 to 7 days. Thus, in tests on over 1,000 cuItures in the family Enterobacteriaceae other than Proteus no culture was positive in the time prescribed for Proteus, 8 to 48 hours.
Standard Urease Test
In this laboratory the urea medium is usually made up in lots of 400 ml since this amount is contained in the 5" x 1" filter candle and mantle used to sterilize the medium. The medium is made as follows: To 380 ml of distilled water are added 3.64 grams of KH2PO4, 3.8 grams of Na2HPO4 (Sorensen buffers), 8 grams of urea (highest purity), 40 milligrams of yeast extract (Difco), and 20 ml of 438 C. A. STUART, ELIZABETH VAN STRATUM, AND ROBERT RUSTIGIAN a 0.02 per cent solution of phenol red. This highly buffered medium has a pH of 6.8. The medium is tubed in approximately 3-ml amounts in tubes 14 mm inside diameter and 125 mm long. Inoculations are made from 18-to 24-hour agar slant cultures with a straight needle, and tests are incubated at 37 C in an air incubator. When possible, reactions are recorded after 8, 12, 24, and 48 hours of incubation. In the previous reports on this medium no particular conditions of the test were given since conditions were kept constant and no unusual reactions were encountered.
From different laboratories an occasional Proteus culture was received which was reported to be either faster or slower in attacking urea than the standard set for the particular species. These cultures proved to be quite normal when tested in this laboratory. Further inquiry revealed in every case some variation from the procedure used in this laboratory, such as inadequate buffering of the medium, temperature variations, incubation at 37 C in air incubators and water baths, and, to conserve medium, tubing in small serological tubes. When conditions reported by different laboratories were duplicated, their results were confirmed. It seemed advisable to test carefully the conditions surrounding the production of urease by Proteus and related organisms. In order to conserve medium 1.5 ml of medium in 14 x 125 mm tubes, the smallest amount that could be read accurately in a comparator, was accepted as standard. When comparative inoculums were needed, 5 ml of sterile saline were added to a 24-hour agar slant culture; the organisms were suspended by rolling the tube briskly between the hands, and inoculations in the desired quantities were made with sterile pipettes. When accurate amounts were required, the medium was pipetted into sterile plugged tubes with sterile pipettes. A reaction was recorded as positive when the pH was 8.1 or more.
Size of Inoculum, Amount of Medium, and Aeration To a series of 15 tubes containing 1.5 ml of medium, 0.01 ml of a bacterial suspension was inoculated into the first, 0.02 into the second, 0.03 into the third, etc., up to 0.1, then 0.2, 0.3, 0.4, and 0.5. After 4 hours' incubation at 37 C tubes inoculated with the rapid urease-producing species (P. vulgaris, P. mirabitis, and P. rettgeri) were read every half hour, whereas with the slow urease-producing species (P. morganii) readings were made at hourly intervals beginning with the eighteenth hour. As the size of the inoculums increased from 0.01 to 0.1 ml, the time required for the rapid species to reach pH 8.1 decreased, but there was no further acceleration with heavier inoculums. The 0.1 inoculums were positive on an average of three hours earlier than the 0.01 inoculums. On the other hand, no significant alteration in the time required for P. morganii to become positive was noted for any of the inoculums. Onetenth milliliter was accepted for the standard inoculum.
When constant inoculums (0.1 ml) were made into tubes containing 1.5, 3, 4.5, and 6 ml of medium, the time required for a positive reaction increased with the volume. With the rapid urease-producing species the smallest volume was positive in an average of 4.5 hours before the largest, and the difference with P. morganii was about 12 hours. Since these differences seemed to be due to the ratio of surface area to volume of medium, the following tests were made. Two milliliters of the medium were placed in tubes with inside diameters of 9, 13, 18, and 24 mm, and the standard inoculum was added. With the rapid species a positive reaction was obtained in the 24-mm tube on an average of 3.5 hours before the 9-mm tube, but with P. morganii the difference in the speed of a positive reaction between these tubes was 18 hours.
Two sets of tubes with the standard amount of medium and inoculum were prepared from the rapid urease-producing species. One set was shaken every 30 minutes. The shaken tubes were positive on an average of 1 hour and 30 minutes before the unshaken. Except for P. morganii, variations in the time required to produce a positive reaction with alterations in the conditions of the test are not very great. Temperature
With changes in temperature, however, changes in the rate of urease production are so great, particularly for P. morganii, that at certain temperatures it cannot be distinguished from the other species. For the experiments on temperature two water baths that were regulated to 4 0.1 C were employed. Because of the number involved, straight needle inoculums from 24-hour agar slant cultures were made into approximately 1.5 ml of medium. Tubes were inoculated in groups of 6 and immediately placed in the water bath. The surface of the urea medium in the tube was 2.5 inches below the surface of the water. Twenty-four cultures each of P. vulgaris, P. mirabilis, and P. rettgeri, and 48 strains of P.
morganii were tested at 20, 30, 35, 37.5, 40, 42.5 , and 45 C. For the 37.5 C incubation, two tubes of urea medium were inoculated from each culture; one set of tubes was incubated in the water bath, the other in an air incubator. Results 32, 58 , and 130 hours, respectively, whereas at 42.5 C the same reactions took place in 4, 6, and 8 hours, respectively. The median strain at 37.5 C was positive in 10 hours in the water bath and 20 hours in the air incubator. Tubes in the water bath reached temperatures of 37.5 C in 5 minutes and 30 seconds, and in the air incubator in 2 hours and 15 minutes. The reaction of P. morganii at 45 C was not anticipated for reasons stated above.
When the experiment at 45 C was duplicated with inoculums from slants which had stood for approximately 2 months at room temperature, P. rettgeri and P. vulgaris and 15 strains of P. mirabilis failed to alter the pH of the medium. Nine strains of P. mirabilis ranged from pH 7.0 to 7.6. There was very little difference, however, in the speed of urease production by the young and old strains of P. morganii. Young strains usually became positive 2 hours before the old strains, but, on the other hand, the last old strain to go positive did so in 12 hours, whereas the slowest young strain required 14 hours.
Eijkman Reaction In view of the unexpected reactions of P. morganii in urea medium at 45 C, it was decided to reinvestigate the Eijkman reactions of Proteus, including P. rettgeri, which was not tested in the previous work (Stuart, Zimmerman, et al., 1942) . Buffered glucose broth with brom thymol blue as indicator was used. Inoculations were made from agar slants (straight needle) and from broth cultures (2-mm loop). Cultures used for inoculations were 24 hours old. A total of 237 cultures, some of which were used in the previous work, were inoculated in groups of six and immediately placed in the 45 C water bath. (In the previous work a temperature of 45.5 C was used.) Recordings were made at 24 and 48 hours as no growth, growth, weak acid, and strong acid. As in the previous work, gas production was not recorded because many of the P. mirabili8 strains produced no gas after 48 hours at 45 C. After 48 hours' incubation at 45 C. all tubes exept those of P. mirabilis were incubated at room temperature and examined for 9 days for viability as shown by acid or acid and gas production.
The results shown in table 2 clearly confirm the work of Stuart, Zimmerman, et al. (1942) and in addition show that P. rettgeri is Eijkman-negative. They also show that agar slant inoculums of P. morganii uniformly grew at 45 C, but failed to attack glucose at the same temperature. However, these same strains produced urease strongly at this temperature. A greater number of P. morganji strains from agar slant inoculations were viable after 48 hours at 45 C than of P. retUgeri and P. vulgaris. Urease Production by Enterobacteriaceae
The ability of other genera in the family Enterobacteriaceae (except Erwinia) to produce urease was investigated. By decreasing the concentration of buffers in the urea medium it was found that 0.01, the usual amount, would maintain a pH of 6.8 in nonpyrex culture tubes. Hereafter a batch of medium containing 0.01 of the original amount of buffers will be called a "0.01 buffered medium" and with 0.1, the original amount, a "0.1 buffered medium." Unless specified, all of the ingredients will be as in the original medium. These tests were incubated in a water bath at 37.5 C. To determine ammonia production from yeast extract alone a batch of 0.01 buffered medium without urea was prepared. In this medium 209 cultures representing all genera in the family Enterobacteriaceae and all important species in each genus (except Erwinia) were tested with agar slant inoculums. Every culture gave a pH reaction of 7.4 to 7.5 in 24 to 48 hours. In a 0.01 buffered medium containing urea 255 cultures exclusive of the genus Proteus were tested for urease production. Tests were read at 4, 8, and 12 hours, and at 12-hour intervals thereafter for a total of 48 hours. Twenty-six normal or paracolon Escherichia, 7 normal or paracolon intermediates, 44 normal or paracolon Aerobacter, 7 Shigella alkalescens, and one Shigella equirulis, or a total of 85 cultures, were positive (pH 8.1 or more) in one or two days. Although not positive, several additional coliform and 2 Serratia cultures probably would have been positive in another 24 or 48 hours. No Salmonella or Shigella, other than S. alkalescens and S. equirulis, showed any evidence of urea utilization. (These results confirm the work of Mitchell and Levine, 1938, White and Hill, 1941 , and others, who showed that many coliform cultures, especially Aerobacter, may produce urease.) The 85 positive cultures were then tested in 0.1 buffered medium containing urea. After 24 hours' incubation the tubes were read at 12-hour intervals for 5 days. One paracolon intermediate, 24 normal or paracolon Aerobacter, and one S. equirulis, or a total of 26 cultures, were positive in 2 to 3 days These 26 cultures were tested in standard urea medium. One paracolon intermediate, one Aerobacter, 8 paracolon Aerobacter type 32011 (Stuart, Wheeler, et al., 1943; , and one S. equirulis, or a total of 11 cultures, were positive in 4 to 5 days.
It is evident that urease production is not confined to the genus ProteUs, but the detection of urea utilization in the standard medium in 48 hours or less is confined to Proteus species. It is also evident that so far as their urease production is concerned, Proteu-s organisms are more closely related to Aerobacter than to other members of the coliform group. Fifty-four type 29911 cultures (Stuart, Wheeler, et al., 1943; Rustigian and Stuart, 1944) were tested in 0.01 buffered medium. Twenty-six were positive in 12 to 24 hours. In the 0.1 buffered medium 15 were positive in 2 to 3 days. None were positive in the standard medium although 7 strains produced pH reactions of 7.2 to 7.6 in 5 days.
Rapid Urease Test A rapid test for urease production by Proteus species, particularly P. morganii, would occasionally have marked diagnostic value in saving 24 to 48 hours. Straight needle inoculums into the 0.01 buffered medium failed since, although a majority of cultures of each species were positive in 2 to 4 hours, some required several hours for a positive reaction. Experiments varying the size of the inoculum yielded a satisfactory test tifough it did not differentiate between the rapid and slow urease-producing species of Proteus. The test consists of inoculating 3 loopfuls (approximately 2-mm loop) from an agar slant culture into the medium, shaking the tube, and, when necessary, incubating the tube in a 37.5 C water bath. A total of 225 Proteus cultures have been tested by this method. Readings were made at 5-minute intervals. Of 47 P. vulgaris strains the first was positive in 5 minutes, the median in 10 minutes, and the last in one hour and 20 minutes. Of 91 P. mirabilis strains the first was positive in 5 minutes, the median in 15, and the last in 60 minutes. Fifty-two P. morganii strains were tested; the first was positive in 5 and all were positive in 15 minutes. Of 35 P. rettgeri strains the first was positive in 10 minutes, the median in 20, and the last in 60 minutes. Tubes were inoculated in groups of six. An occasional tube was actually positive by the time the tubes reached the water bath, but these were recorded as positive in 5 minutes Such cultures were further studied. One of these, P.mirabilis 231, has been tested about 50 times, mostly in demonstrations; the fastest time for a positive reaction was 40 seconds and the longest was one minute and 15 seconds. The 255 cultures representing all genera of the family Enterobacteriaceae except Erwinia and exclusive of Proteus were tested by the rapid method. No culture was positive under 12 hours.
It will be recalled that in the regular medium at 45 C old agar and young agar slant inoculums of P. morganii showed little difference in the speed of the urease production, whereas only the young agar slant inoculums of P. mirabilis gave positive reactions. At the time the rapid test was perfected, there were 12 cultures each of P. rettgeri, P. vulgaris, and P. mirabilis, and 24 P. morganii about 6 months old. These were tested by the rapid method. Of the first 3 species mentioned the first culture was positive in 2 and the last in 5 hours.
With P. morganii all but 6 of the 24 cultures were positive in 10 minutes, and these 6 were positive in 15 minutes.
DISCUSSION
It is evident from the foregoing that in strongly buffered urea medium only members of the genus Proteus give evidence of urea utilization. In weakly buffered medium, however, urea utilization is shown by many coliform and paracolon cultures, especially of the Aerobacter type. One normal Aerobacter strain and several paracolon Aerobacter type 32011 strains were capable of producing a positive reaction in regular urea medium in 4 to 6 days. One cardinal characteristic of type 32011 is the small gas volume produced in maltose and mannitol in 24 hours (Stuart, Wheeler, et al., 1943) . Recently from gastroenteritis patients several strains of type 32011 have been isolated which on first tests in glucose produced only a bubble of gas. In subsequent tests gas volumes increased in this carbohydrate to the usual 20 to 30 per cent volume.
It is interesting that S. alkalescens exhibited urea utilization in the 0.01 buffered medium. The biochemical and antigenic relationships of S. alkalescensto coliform, paracolon, Shigella , and now in a small way to Proteus, constitute a remarkable range of characteristics.
The taxonomic position of type 29911 cultures is not clear. They bear some resemblance to Proteus: they produce acid or a bubble of gas in glucose, and acid and occasionally a bubble of gas slowly in sucrose; they have a weak acid reaction in maltose in 3 to 5 weeks; they produce indole; and they grow on citrate agar. A few strains "spread" on fresh moist agar (Rustigian and Stuart, 1944) . Antigenically they are the most heterogeneous type or group of cultures encountered in this laboratory in an eight-year study on organisms of the fanily Enterobacteriaceae. Most cultures of this type were isolated from gastroenteritis patients. Several cultures of this type were received from other laboratories as "P. mirabilis." The production of indole and failure to produce hydrogen sulphide (Rustigian and Stuart, 1944) would ordinarily exclude type 29911 from the species P. mirabilis, and their failure to attack urea readily from the genus Proteus. The taxonomic position of this type or group of organisms must depend on further work.
Urease production like most, if not indeed like every, biochemical test used to differentiate the various genera and species in the family Enterobacteriaceae shows no absolute line of demarcation, but rather a series of intergrading relationships among the different genera and species. These relationships can be studied best in weakly buffered urea medium, whereas the strongly buffered medium under the proper conditions can be depended upon to differentiate Proteus from all other genera in the family.
CONCLUSIONS
Conditions of the test, such as amount of medium, size of inoculum, diameter of the tube, and especially temperature of incubation, may markedly alter the speed of urease production by Proteus organisms.
The relationships of Proteus to other genera and species in the family Enterobacte7iaceae with regard to urease production can be studied in weakly buffered urea medium.
In strongly buffered urea medium under the proper conditions Proteus can be differentiated from all other members of the family.
A rapid test to differentiate Proteus from other organisms in the family has been devised.
